Abstract-The multiphoton fluorescence recovery after photobleaching (MP-FRAP) technique has been developed to measure the three-dimensional (3D) solute diffusion within biological systems. However, current 3D MP-FRAP models are based on isotropic diffusion and spatial domain analysis. The 3D anisotropic diffusion and frequency domain analysis for MP-FRAP measurements are rarely studied. In this study, a new technique is demonstrated for the quantitative and non-destructive determination of 3D anisotropic solute diffusion tensors within biological fibrosis tissues by multiphoton photobleaching and spatial Fourier analysis (SFA). Compared to the spatial domain analysis based MP-FRAP techniques, this SFA-based method has the capability for determining the 3D anisotropic diffusion tensors as well as the flexibility for satisfying initial and boundary conditions. First, a close-form solution of the 3D anisotropic diffusion equation is derived by solely using SFA. Next, this new method is validated by computer-simulated MP-FRAP experiments with pre-defined 3D anisotropic diffusion tensors as well as experimental diffusion measurements of FITC-Dextran (FD) molecules in aqueous glycerol solutions. Finally, this MP-FRAP technique is applied to the measurement of 3D anisotropic diffusion tensors of FD molecules within porcine tendon tissues. This study provides a new tool for complete determination of 3D anisotropic solute diffusion tensor in biological tissues.
INTRODUCTION
Fluorescence recovery after photobleaching (FRAP) is a versatile and widely used tool for the determination of local diffusion properties within solutions, cells, tissues, and biomaterials. Due to the high spatial resolution, FRAP offers the possibility to microscopically examine a specific region of a sample. More importantly, a variety of FRAP techniques has been developed to understand the relationship between tissue structure and solute diffusion properties by determining the diffusional anisotropy in the biological tissues. For example, the fluorescence imaging of continuous point photobleaching (FICOPP), 14 elliptical surface photobleaching, 19 line FRAP 4, 25 and spatial Fourier analysis (SFA) based FRAP 22, 23, 28 techniques have been utilized to investigate the diffusional anisotropy of different solutes in varying types of tissues (e.g., the cartilaginous tissues and fibrosarcoma tumors). It was found that the structure and orientation of collagen fibers in the tissue extracellular matrix (ECM) leads to diffusion anisotropy.
The current anisotropic FRAP techniques mainly determine the solute diffusion properties in twodimension (2D). Previous studies 22, 27 have determined the three-dimensional (3D) anisotropic solute diffusion properties by dissecting and measuring samples in three orthogonal planes. However, the destructive sample preparation procedure may change the local 3D solute diffusion properties. To our knowledge, there is no FRAP method currently available for the non-destructive measurements of 3D anisotropic diffusion tensors. Therefore, the goal of this study was to develop a mathematical model and corresponding technique of 3D anisotropic FRAP method.
In the past decade, the development of multiphoton microscopy has allowed the FRAP techniques 6, 15 to non-destructively measure 3D solute diffusion in biological samples. Due to the nonlinear excitation in multiphoton-based photobleaching experiments, only the fluorophore within the focal spot is photobleached and the photobleaching profile yields a well-defined 3D geometry. 6, 13, 16 Moreover, due to the deeper penetration of multiphoton imaging, 12 multiphoton fluorescence recovery after photobleaching (MP-FRAP) techniques can be applied to thick samples with large light scattering. 5, 26 However, current 3D MP-FRAP models and techniques focus on the isotropic diffusion measurements due to the primary application involving the study of protein mobilities within intracellular structures. Therefore, the determination of 3D anisotropic diffusion tensors in biological samples remains a significant challenge for current MP-FRAP techniques. Previous studies have demonstrated the strength of SFA-based FRAP techniques in the determination of 2D anisotropic diffusion tensors in cartilaginous tissues. 22, 28, 29 This approach can be extended to 3D anisotropic diffusion tensor measurements by incorporating with multiphoton microscopy. Therefore, in this study, a new 3D MP-FRAP technique with SFA was developed to non-destructively and completely determine the anisotropic solute diffusion tensors in biological tissues.
First, the new mathematical model and technique were validated by experimental diffusion measurements of FITC-Dextran (FD) molecules in aqueous glycerol solutions, as well as computer-simulated MP-FRAP experiments with pre-defined 3D anisotropic diffusion tensors (described in Supplementary Material). Then, this anisotropic MP-FRAP technique was applied to the measurement of 3D diffusion tensors of FD molecules within porcine tendon tissues.
MATERIALS AND METHODS

Solving 3D Diffusion Equation by SFA
Diffusional transport is governed by Fick's second law and the 3D governing equation is given as: 10 
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where (x, y, z) are the spatial coordinates and t is the time. The function C(x, y, z, t) represents the spatial concentration distribution of the solute and D is the diffusion tensor which is assumed to be symmetric. Within the observation field of MP-FRAP experiments, it is assumed that the diffusion tensor (D) is independent of position and time. Ài2pðuxþvyþwzÞ dxdydz is the Fourier transform of C(x, y, z, t), with an arbitrary initial condition and a boundary condition that C(x, y, z, t) is constant as (x, y, z) fi ±¥, Eq. (2) can be solved by using 3D SFA in the frequency domain, 3, 24, 27, 29, 30 which are similar to the strategies used in the 2D condition:
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whereCðu; v; w; 0Þ is the Fourier transform of the initial solute concentration. D(u, v, w) represents the diffusion coefficient in the Fourier space (with frequencies u, v, and w) and is defined as:
The function D(u, v, w) can be determined by curvefitting the light intensity of a time series of 3D fluorescence recovery image stack in the Fourier space to Eq. (3).
Determining all Components of the Diffusion Tensor
The diffusivity D(u, v, w) can be averaged over a shell of a spherical surface in the frequency domain. The geometry of a shell is defined in Fig. 1 
Based on Eqs. (5) and (6), the average of D(u, v, w) over the shell with a 1 = 0, b 1 = p, a 2 = 0, b 2 = p can be related to the components of the diffusion tensor D as:
Similarly, the other averages of D(u, v, w) over the different angle ranges can be calculated as:
According to Eqs. (7)- (12), all components of the diffusion tensor (i.e., D xx , D yy , D zz , D xy , D xz , and D yz ) can be obtained and expressed as the functions of FIGURE 1. An illustration of the SFA and averaging the diffusivity in the frequency domain over a shell. In the SFA, the solute concentration distribution is transformed from the spatial domain (a) to the frequency domain; (b) by using the Fourier transform. In the frequency domain, the diffusivity D(u, v, w) is averaged over a shell of a spherical surface to obtain all components of the 3D diffusion tensor. The level of shell is defined by the radius a (i.e., commonly positive integers) and the range of shell is determined by azimuthal angle / and polar angle h. D 0,p,0,p , D 0;p=2;0;p , D 0;p;0;p=2 , D 0;p=2;0;p=2 , D 0;p=4;0;p , and D 0;p;0;3p=4 :
ð13Þ
Experimental MP-FRAP Apparatus and Protocol
All MP-FRAP experiments were performed on a Zeiss LSM 510 NLO confocal laser scanning microscope (Carl Zeiss Microscopy, LLC, Thornwood, NY) equipped with a Coherent Mira 900 femtosecond pulsed Ti:Sapphire laser for multiphoton excitation (Coherent, Santa Clara, CA) at room temperature (22°C). Multiphoton excitation of fluorescein isothiocyanate-dextran (FITC-Dextran, FD) (Sigma-Aldrich Ò , St. Louis, MO) in the specimens was accomplished by a 790 nm laser. To minimize the contribution of the fluorescence emission of the background, one pre-bleaching image stack was obtained in the observation volume (e.g., 150 9 150 9 150 lm 3 for 409 lens or 102 9 102 9 102 lm 3 for 639 lens) and subsequently subtracted from the post-bleaching Z-stack image series. An imaging mode with low multiphoton laser energy (6-30% laser energy) was applied during the recovery course. Images were collected as 64 9 64 9 64 pixel X-Y-Z-scans at an 8-bit intensity resolution using a 409/1.2NA water immersion objective (working distance: 0.22 mm) for the glycerol solution samples or a 639/1.3NA water immersion objective (working distance: 0.17 mm) for the tissue samples. The central region of the observation volume was then photobleached by a high energy multiphoton laser (85-100% laser power) at the different Z-levels to create a cubic photobleaching block (the photobleaching time was about 2-3 s) with a dimension of about 18.75 9 18.75 9 18.75 lm 3 (409 lens) or 12.75 9 12.75 9 12.75 lm 3 (639 lens). For each experiment, 40 stacks of recovery images, plus 1 stack prior to photobleaching, were acquired at an approximate rate of 18 s/stack. Diffusion in Glycerol/PBS Solutions 14 lL of the solutions were pipetted into a small chamber obtained by attaching two layers of a 120-lmthick double-side adhesive spacer (Secure-Seal spacers, Life Technologies, Grand Island, NY) on a microscope slide. The chamber was then sealed with a microscope coverslip. The 3D diffusion of FD500 molecules (500 kDa, 4 mg/mL) in the glycerol/phosphate buffered saline (PBS) solutions with five different concentrations (v/v: 75, 80, 85, 90, and 95%) were measured to test our MP-FRAP technique.
Diffusion in Porcine Tendon Tissues
The porcine calcaneal tendon tissue samples (N = 20) from adult pig legs, obtained from a local slaughterhouse, were used to test our MP-FRAP technique. The tissue segments were microtomed along the fiber direction into 150 lm slices by using a microtome (SM24000, Leica Microsystems GmbH, Wetzlar, Germany) with a freezing stage (Model BFS-30, Physitemp, Clifton, NJ). Tendon tissue specimens were then immersed in PBS solution containing two types of FD molecules (FD70 and FD150, 6 mg/mL) for 72 h. Tissue swelling was prevented during the incubation by confining the specimen with two porous platens. The tissue specimen was then transferred into a small chamber, which was filled with a glycerol/PBS solution (v/v: 60%) containing FD70 or FD150 molecules (6 mg/mL) to enhance the penetration depth in tissues for multiphoton microscopy.
9,11 The 3D anisotropic diffusion tensors of the FD molecules (70 and 150 kDa) in the tendon tissue slices were measured by the MP-FRAP technique. First, each specimen was measured when the fiber orientation aligned with X-axis of microscopy coordinate (X-Alignment in Fig. 2a) , and then repeated, when the field of view (FOV) was rotated 90°to allow the fiber direction to align with the Y-axis (Y-Alignment in Fig. 2b) . Correspondingly, the six components (i.e., D xx , D yy , D zz , D xy , D xz , and D yz ) and the traces of the 3D diffusion tensors were obtained from those MP-FRAP experiments.
Images and Data Processing
The Fourier transform of the image intensity (8-bit grayscale) obtained from the microscope camera obeys the same exponential decay as the solute concentration profile [see Eq. (3)] in the frequency domain 3, 17 Therefore, the 3D fluorescence recovery image stacks were directly analyzed by the spatial Fourier transform to calculate the 3D diffusion tensors. 
Statistical Analysis
One-way ANOVA and Tukey's post hoc tests were performed on the diagonal components (i.e., D xx , D yy , and D zz ) of the diffusion tensors to examine the extent of anisotropy of solute diffusion in both the glycerol and tissue specimens. A student's t test was performed to compare the means of the off-diagonal components and the diagonal components of the diffusion tensors. An independent t test was also performed on the nominal diffusivity (trðDÞ=3) of diffusion tensors for the FD70 and FD150 in the porcine tendon tissue experiments to examine the size effect of solute diffusion in the tissue samples. The SPSS 16.0 software (SPSS Inc., Chicago, IL) was used for all statistical analysis and significant differences were reported at p-values <0.05.
RESULTS
Diffusion Measurements in Glycerol/PBS Solutions
The MP-FRAP technique was applied to the measurement of the 3D diffusion properties of FD500 molecules in glycerol/PBS solutions with varying concentrations (from 75 to 95% v/v). A typical MP-FRAP image stack series of FD500 in the 95% glycerol/PBS solution was shown in Fig. 3a . Three orthoslices of the 3D fluorescent profile were displayed and the dark region represented the multiphoton laser induced photobleaching geometry. The results of the FD500 diffusion measurements were summarized in Fig. 3b . In each concentration group (N = 12), there were no significant differences between the diagonal diffusion components (i.e., D xx , D yy , and D zz ). The mean of the off-diagonal components was significantly smaller than the mean of the diagonal components (p < 0.0001) for all experimental groups. Moreover, the ratio of the off-diagonal components to the diagonal components was less than 3%. These results demonstrated that the diffusion of FD500 molecules in the glycerol/PBS solutions is isotropic. The nominal diffusivity (mean ± SD) of the diffusion tensor of the FD500 molecules in each group (75%: 0.444 ± 0.015 lm 2 /s; 80%: 0.272 ± 0.012 lm 2 /s; 85%: 0.173 ± 0.026 lm 2 /s; 90%: 0.107 ± 0.002 lm 2 /s; 95%: 0.074 ± 0.003 lm 2 /s) were compared to examine the concentration effect on the nominal diffusivities. Significant differences (ANOVA, p < 0.0001) were found between each concentration group. The nominal diffusivities of FD500 decreased with increasing glycerol concentrations. 
Diffusion Measurements in Porcine Tendon Tissues
The 3D anisotropic diffusion tensors of FD70 and FD150 solutes in porcine tendon tissues with an optical clearing agent (OCA) (i.e., glycerol) application were experimentally determined by the new MP-FRAP method. The images in Fig. 4a showed the typical The results of 3D diffusion tensors (mean 6 SD). In each concentration group, there were no significant differences between the diagonal diffusion components (i.e., D xx , D yy , and D zz ), while the offdiagonal diffusion components were significantly smaller than the diagonal diffusion components (p < 0.0001). Additionally, the nominal diffusivities (tr ðDÞ=3) of FD500 significantly decreased (ANOVA, p < 0.0001) with the increasing glycerol concentrations.
MP-FRAP experiment process in the tissue specimen (e.g., FD70 and 60% glycerol). The collagen fiber distribution can also be observed in the ortho-slices. The six components of the 3D diffusion tensors of FD70 and FD150 in the tendon tissues were calculated by the proposed method and the results were shown in indicated that D xx was significantly higher (ANOVA, p < 0.0001) than D yy and D zz in this group and there was no significant difference (ANOVA, p = 0.884) between D yy and D zz . In the Y-Alignment group, the FOV was rotated by 90°and the fiber orientation was primarily aligned along the Y-axis of microscopy coordinate. The results showed that the diffusion (D yy ) along the Y-axis was significantly faster (ANOVA, p = 0.0007) than the other two directions (D xx and D zz ,) in the Y-Alignment group. The mean of the offdiagonal components was significantly smaller than the mean of the diagonal components (p < 0.0001) for the two experimental groups. The ratio of the off-diagonal components to the diagonal components was less than 15%. The third and fourth groups (N = 10) of diffusivities (Fig. 4b) further demonstrated that the exact same trends existed in the results of FD150 diffusion in the tissue specimens. Thus, the 3D diffusion properties of these two types of FD solutes in the tendon tissue slices were highly anisotropic and the diffusion along the fiber orientation was faster than the diffusion transverse to the fiber direction. Moreover, the FD70 (0.117 ± 0.023 lm 2 /s, Stokes radius: 6 nm) had about 1.4 times higher (t test, p = 0.002) nominal diffusivity than the FD150 (0.081 ± 0.016 lm 2 /s, Stokes radius: 8.5 nm) in the tendon tissue specimens.
DISCUSSION
The MP-FRAP technique has been well-established to measure the diffusion of macromolecules within biological systems. However, current 3D MP-FRAP models are based on the isotropic diffusion assumption and spatial domain analysis. In this study, a close-form solution of the 3D anisotropic diffusion equation was first derived by solely using SFA for the MP-FRAP technique. The accuracy of this new method was evaluated by using computer-simulated MP-FRAP experiments with the pre-defined 3D anisotropic diffusion tensors (see Supplementary Material) and experimental diffusion measurements of FD molecules in glycerol/PBS solutions. The new MP-FRAP technique was then implemented to determine the 3D diffusion tensors of FD molecules within porcine tendon tissues. This study provided a new tool for complete determination of 3D anisotropic solute diffusion tensor in biological tissues.
Strength of SFA-Based 3D FRAP Technique
The major strengths of SFA-based FRAP techniques, compared to the conventional FRAP techniques based on spatial domain analysis, have been discussed in previous 2D studies. 3, 30 Our study confirmed that all these strengths persist in the new 3D MP-FRAP method. First, SFA-based FRAP techniques possesses intrinsic flexibility to accommodate complex initial conditions during the FRAP process. For instance, the photobleaching volume could be any 3D geometry and the ''real'' first recovery image stack right after photobleaching is not required for the calculation. Second, the anisotropic diffusion tensor can be calculated without measuring the point spread function or optical transfer function of the multiphoton microscope. 3, 17 Due to these features, our technique can be conveniently carried out on a commercial multiphoton laser scanning microscope for 3D anisotropic diffusion measurements.
Validation of MP-FRAP Model
The accuracy and robustness of the new method was first assessed by the computer-simulated MP-FRAP experiments (see Supplementary Material). As shown in Fig. S2 , the new method yielded accurate values for the components of the diffusion tensors. Overall, the relative errors were less than 1.8% when the pre-defined diffusion tensors were rotated at different angles across the 3D space.
The diffusion measurements of FD500 molecules in the glycerol/PBS solutions were performed to experimentally validate the new MP-FRAP technique. Since the new technique is designed for 3D anisotropic diffusion measurements, full 3D diffusion tensors were determined in all test groups. There were no significant differences between the diagonal diffusion components of the diffusion tensor, while the off-diagonal diffusion components were very small (<3%) compared to the diagonal components. These results indicated that the diffusion of FD500 molecules in the glycerol/PBS solutions is isotropic, which is expected. The nominal diffusivities (0.44 and 0.27 lm 2 /s) of FD500 in the two types of glycerol solutions (75 and 80% v/v) were comparable to the diffusivities (0.60 and 0.36 lm 2 /s) of the same solute in the glycerol solutions (80 and 85% w/w) measured by another MP-FRAP technique. 15 The minor differences were probably caused by the different sample preparation procedures and observational volumes. The trend of decreasing nominal diffusivities with increasing glycerol concentrations was in agreement with the relationship between solute diffusivity and solvent viscosity, which is defined in the Stokes-Einstein equation.
3D Anisotropic Diffusion in Porcine Tendon Tissue
The goal of this study was to develop a 3D MP-FRAP technique to determine anisotropic solute diffusion tensors in biological tissues. The 3D diffusion of FD70 and FD150 molecules in porcine tendon tissues was measured to assess the capability of the new MP-FRAP technique. Generally, tendon and ligament tissues have well organized collagen fiber structures, resulting in anisotropic mechanical and transport properties.
14,31 Based on the measured 3D diffusion tensors, it was found that diffusion coefficients of FD70 and FD150 were significantly higher in a direction parallel to the collagen fibers in both the X-Alignment and Y-Alignment testing protocols. Diffusional anisotropy can be represented by the ratio of diffusivity along the fiber orientation to the diffusivity perpendicular to the fiber orientation. Our results showed an average anisotropic value of 2.1 for FD70 and a value of 2.2 for FD150 in porcine tendon tissue. These results were comparable to the diffusional anisotropy measurements in porcine ligament tissues in the literature. In a previous 2D diffusion study 14 using FICOPP, an anisotropic value of 2.2 was found for FD500 in porcine ligament tissue. Other 2D diffusion techniques, such as elliptical surface photobleaching 19 and video-FRAP imaging technique, 29 have also been utilized to investigate the diffusional anisotropy of different solutes in varying types of tissues (e.g., mouse spinal cord, 19 porcine knee cartilage, 14 bovine annulus fibrosus in the IVD, 27 and bovine meniscus 29 ) . A brief summary of those studies was shown in Table 1 . Apparently, diffusional anisotropy exists in many biological tissues with complex tissue structures. The highest diffusional anisotropy was found in the mouse spinal cord due to the highly aligned axon fibers.
Due to the strong light scattering in the tendon tissue slices, the depth of multiphoton imaging with sufficient contrast and signal to noise ratio (SNR) is limited. Therefore, an OCA, glycerol, was applied to reduce the scattering and significantly enhance the light penetration depth and SNR of deep-tissue imaging. 9, 11 Additionally, the use of glycerol in the testing model slowed down the diffusion of FD molecules, which allowed the multiphoton microscopy system to fully capture the 3D fluorescence recovery processes by a limited sampling rate (18 s/stack). Even though the application of glycerol might change the biochemical properties of the ECM in tendon tissues, the diffusion of FD molecules is not likely to be affected by the binding reactions due to their uncharged and biologically inert nature. The results demonstrated the effect of solute size on the diffusion properties. The ratio (1.44) of two nominal diffusivities was in agreement with the ratio (1.42) of the two Stokes radii for FD70 and FD150 molecules, which follows the Stokes-Einstein equation for solute diffusion.
The current 3D image sampling rate of multiphoton microscopy significantly limits the capability of our technique for fast diffusion measurement. In this study, reliable measurements of diffusion coefficients up to 0.5 lm 2 /s can be achieved in tissue (see Supplementary Material). Recent studies 1, 18 have shown the development of various multifocus microscopy techniques, which can significantly increase the scanning speed of fast 3D fluorescence imaging. By incorporating these techniques, the capabilities and applications of our MP-FRAP method could be significantly enhanced and broadened. In addition, photoactivatable green fluorescence protein (PA-GFP) has been widely used for living cell imaging 20, 21 and diffusion measurements. 2, 7, 8, 15 Our 3D MP-FRAP method can be easily transformed to analyze the image data from multiphoton fluorescence redistribution after photoactivation (MP-FRAPa) experiments with the use of PA-GFP. A higher SNR can be achieved in the MPFRAPa experiment since less laser energy is generally necessary for photoactivation compared to photobleaching, which could benefit living tissue/cell imaging by reducing the effects of photodamage. Therefore, the development of a 3D MP-FRAPa technique for the diffusion measurements of PA-GFP could be the next step of this study.
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